In this study, prostate-specific antigen (PSA) was determined based on a selective and sensitive electrochemical sensor by utilizing nanotechnology and a surface imprinting strategy. Manganese nanoparticle-decorated multiwalled carbon nanotubes (MWCNTs) were used as a nano-iniferter for the construction of a three-dimensional molecularly imprinted polymer matrix for PSA detection using controlled radical polymerization. The differential pulse stripping voltammetric and square wave techniques were used to confirm the excellent analytical behaviour of our sensor towards PSA determination.
INTRODUCTION
Prostate-specific antigen (PSA) is a serine protease that has a physiological function in seminal fluid liquefaction. In the case of prostate cancer, PSA is released into the circulatory system, leading to a 10 5 -fold increase in the concentration level in blood. Benign prostate diseases can also lead to an increase in PSA levels. From diagnosis to response monitoring for treatment, PSA testing has gained widespread application as a cancer marker to help predict the risk of prostate cancer, as well as provide better treatment. The more extensive use of PSA screening has led to a divergence of views for its efficacy. Some hold that PSA screening is responsible for the diagnosis and treatment of prostate cancers that do not actually pose a threat and, therefore, more importantly, does not reduce prostate cancer mortality. The critical PSA level required to warrant biopsy has been controversial. PSA testing can be viewed as a risk indicator rather than an all-encompassing technique that can resolve all prostate cancer related problems. In this study, the relationship between PSA and the risk, disease outcome and recurrence of prostate cancer was investigated. The application of PSA testing for the prediction of prostate cancer over the long term was also studied, together with the application of PSA derivatives such as PSA dynamics and PSA subforms for PSA test improvement. The PSA transcription is controlled by androgens, leading to a restriction on the high-level production in the prostate epithelium. The synthesis of PSA occurs in healthy prostate tissue, in benign prostatic hypertrophy (BPH) and in prostate cancer of all grades and stages [1, 2] . PSA is released in seminal fluid, in which the PSA concentration range is 0.3 -3 mg/ml (10-100 μM/L) [3] . Most of the PSA is an active serine protease having chymotrypsin-like activity, usually contributing to the proteolysis of gel proteins of seminal fluid [4] . Hence, PSA possesses the physiological function of seminal fluid liquefaction [5] . Following approval by the US Food and Drug Administration, PSA was used as a marker for the monitoring of patients treated for prostate cancer in 1986, as well as a diagnostic marker in 1994. The extensive use of PSA-based screening in the US has caused an increase in the diagnosis of prostate cancer as well as stage migration, with a decreased proportion of metastatic or locally advanced cancers at diagnosis [6] [7] [8] [9] . Different levels of circulating PSA in blood can lead to varying risks for prostate cancer [10] [11] [12] [13] [14] . Nevertheless, there are some difficulties in evaluating the value of PSA screening. The comparisons made between different reports can be inaccurate because PSA levels in serum are different according to different age and other factors, for example. Furthermore, the majority of the reports on PSA testing are vulnerable to verification bias, as shown in the latter part of this work. An increase in the PSA level typically suggests that a prostate biopsy is warranted, with a conventional critical value for the PSA concentration of 4 ng/ml. For those diagnosed with the above critical value, the cancer detection rate ranges from 27 to 44%, based on three reports using large cohorts subject to extensive prior screening [15] [16] [17] [18] . Since biopsy leads to little detection of the prostate cancer status of men with low PSA levels, it is tougher to confirm the sensitivity and specificity of PSA testing. Fortunately, the Prostate Cancer Prevention Trial (PCPT) is unique in that all participants are required to receive biopsy treatment. Among the 5,112 men in the placebo arm of the above experiment, the sensitivity and specificity for the case of a PSA level above 4 ng/ml were 24% and 93%, respectively [19] .
The critical value of approximately 4 ng/ml has been the subject of controversy; it is either too strict or too lenient. It has been proposed through extensive literature that those men with a PSA level lower than 4 ng/ml and diagnosed with prostate cancer are not rare. For instance, among the men with a median age of 72 years in the placebo arm of the PCPT, through biopsy, 27% of those with 3.1-4 ng/mL PSA were detected to have prostate cancer, while 6.6% of men with lower than 0.5 ng/ml PSA were detected to have prostate cancer. Similarly, in the case of a large-scale European investigation, the cumulative prostate cancer detection rate of men with 2.0-2.99 ng/ml PSA ranged from 21 to 25%, while that of men with 3.0-3.99 ng/mL PSA was 33%. Nevertheless, according to the results, particularly from the PCPT, the decreased critical value for PSA led to increased sensitivity as well as increased specificity, with the absence of a cut-off point contributing to the increase in specificity and sensitivity. There has been a popular belief that the sole use of a PSA test with a critical value for suggesting a prostate biopsy is not appropriate. However, consensus has not been reached on this view. The first reason is that a single critical value cannot be used to divide men into two homogenous groups, with high and low cancer risk [20] . In addition, there are other factors that determine whether men choose a biopsy or not, including race, heredity, age, personal preference, and concurrent disease. Therefore, the calculation of the possibility of prostate cancer using the PSA level, as well as other cancer risk predictors, has gained increasing attention, and has been offered to patients as a reference for biopsy. To offer a successful estimate for cancer risk, instead of a binary positive or negative test result, PCPT experts have developed an online calculator using PSA and additional risk-contributing factors [21] .
Besselink and others [22] reported the detection of PSA based on a surface plasmon resonance (SPR) sensor fabricated using colloidal gold and latex microspheres (diameter, 120 nm) coated onto the surface of planar-and gel-type sensors. In comparison with experiments performed in the absence of amplification, the use of colloidal gold contributed to a significant increase in detection sensitivity (of approximately three orders of magnitude). The limit of detection (LOD) was calculated to be 0.15 ng/mL, which is low enough for measurement of enhanced, clinically relevant PSA levels. Soukka and co-workers [23] reported a two-step immunoassay for the detection of free PSA based on monoclonal anti-PSA antibody coated europium(III) chelate nanoparticles. The measurement was carried out by using a low-fluorescence microtitration well passively coated by a monoclonal anti-PSA antibody. On the other hand, direct measurement of the europium(III) fluorescence from the well bottom was achieved by using a standard time-resolved microtitration plate fluorometer. Wu et al. [24] prepared a PSA sensor by the attachment of PSA antibodies onto a gold-coated silicon nitride microcantilever. A specimen containing PSA was passed over the surface of the cantilever (which has the appearance of a microscopic diving-board-shaped mechanical structure). By using a laser beam to monitor deflection in the microcantilever, binding of the PSA to the antibodies could be observed. In this way, PSA was detected in a concentration range of 0.2 ng/mL to 60 mg/mL.
In this report, a surface imprinted polymer to detect trace levels of PSA was fabricated using a nano-iniferter synthesized based on MnO 2 nanoparticle-modified MWCNTs. Our developed PSA sensor was used for the detection of PSA in blood serum specimens. Square wave and differential pulse stripping voltammetry (SWSV and DPSV), chronocoulometry (CC), cyclic voltammetry (CV), and XRD measurements were performed to characterize the PSA sensor. Our developed sensor showed simplicity, ease of operation, short determination period, and excellent selectivity and specification, and was successfully used for the determination of trace level PSA in the absence of any cross-reactivity.
EXPERIMENTS

Synthesis of CNT/MnO 2 composites
CNTs (multi-walled CNTs) were sourced commercially from Shenzhen Nanotech Port. Impurities such as catalyst particles were removed from the CNTs by reflux in 10 wt% nitric acid for 0.5 h for further use. All other test chemicals were of analytical reagent grade and used without additional purification. The CNT/MnO 2 hybrids were prepared by first dispersing purified CNTs (0.1575 g) into distilled water (100 mL) using ultrasonic vibration for 6 h and then mixed with a given amount of KMnO 4 and stirred for 60 min to allow for sufficient absorption of the KMnO 4 onto the walls of the CNTs. This was followed by heating of the mixed solution in a household microwave oven. After microwaving for 10 min, the mixture was left to cool naturally down to ambient temperature. Finally, the as-prepared suspension was filtered, followed by several washing cycles using distilled water and absolute alcohol, together with drying in a vacuum oven at 100 °C for 12 h. The final product was obtained in the form of a black powder, which was decanted before use.
Characterization methods
X-ray powder diffraction (XRD, TTR-III) with Cu Kα radiation was used for the determination of the crystallographic structures of the test materials. A Kratos AXIS Ultra X-ray photoelectron spectrometer equipped X-ray photoelectron spectroscopy (XPS) was used for the chemical state analysis. This study also used a monochromatic Al source at 210 W, with a pass energy and step of 20 eV and 0.1 eV, respectively. The C 1s line at 284.6 eV was used for the correction of all XPS spectra obtained. A CH instrument (USA, model number 660 C) equipped with a triple-cell configuration (the working electrode, a MIP-modified PGE electrode; the reference electrode, an Ag/AgCl (3.0 M KCl); the counter electrode, a platinum wire) was used for electrochemical characterization, including CC, CV, SWSV, and DPSV. All measurements were carried out at 25±1 °C (ambient temperature).
Fabrication of PSA sensor
Pencil rods were initially treated using nitric acid (6 M) for 15 min, followed by washing with water and rubbing with soft cotton for surface smoothing. Subsequently, the pencil rod was inserted into a micro tip, and then a metallic wire was soldered onto the opposite end of the rod for electrical contact. This was followed by drop-coating of the PGE tip using a 5 µl suspension of the nano-iniferter (5 mg) dispersed into DMSO solution (4 mL). Polymerization on the surface of the PGE was achieved by mixing EGDMA (2 mM, 0.37 mL), 0.1 mL of CNT/MnO 2 and 6 mg of PSA (dissolved in 0.2 mL of DMSO) with 0.2 mmol of itaconic acid (25 mg, dissolved in 0.3 mL of DMSO) in a glass vial and then purging with N 2 for 10 min. This was followed by drop-coating of the pre-polymer solution onto the nano-iniferter-decorated PGE tip under heat treatment at 50 °C for 120 min, to yield the adductdecorated PGE (template inside the polymer matrix). We also fabricated a non-imprinted polymer (NIP)-decorated PGE without PSA as the control group.
Electrochemical measurement
CC and CV measurements were performed to qualitatively detect the PSA, while the DPSV and SWSV techniques were used for quantitative determination in clinical and aqueous specimens.
PSA-imprinted polymer decorated PGE (PSA-sensor) was prepared by placing the adduct-decorated PGE in a NaOH solution (0.1 M) under dynamic conditions for 45 min to extract the template. The electrode was then taken out of the extraction solvent and washed repeatedly using distilled water (n=3, 0.5 mL) to prevent any carryover of the analyte. This was followed by PSA determination in an electrochemical cell that contained KCl solution (10.0 mL, pH 10.0). For the CV measurement, the scan rates range from 0.02 to 0.4 V/s, and the potential window ranged from +1.8 to −0.2 V. SWSV and DPSV were obtained for voltages between +1.2 and +0.4 V (pulse width, 50 ms; pulse amplitude, 25 mV); for this measurement, the potential was -0.5 V, and the accumulation time was 0.5 min.
RESULTS AND DISCUSSION
The characteristic XRD profiles of the CNT/MnO 2 composites are shown in Fig. 1A . The data show that carbon and birnessite-type MnO 2 (JCPDS 42-1317) are present with mixed crystalline and amorphous components. XPS was used to characterize the CNT/MnO 2 surface. As shown in Fig. 1B , the survey spectrum exhibits peaks of Mn 2p 1/2 (centred at 653.7 eV), Mn 2p 3/2 (centred at 642.2 eV), C 1s, and O 1s. The spin-energy separation with respect to the two Mn peaks was determined to be 11.7 eV, as indicated in Fig. 1C . This is consistent with the reported data for Mn 2p 1/2 and Mn 2p 3/2 in MnO 2 . Fig. 2A and Fig. 2B shows the data obtained from square wave voltammetric and CV measurements, which were carried out to study the electrochemical performance of the nano-iniferter using MWCNTs and CNT/MnO 2 coated PGE; the electrochemical probe molecule was K 4 Fe(CN) 6 (0.1 M). In the CVs and SWSVs, an approximately 2-fold and 4-fold increase in current was observed for the CNT/MnO 2 composite, respectively. It can be seen that the CNT itself shows a good electrical conductivity due to its conductive nature. On the other hand, the incorporation of MnO 2 into CNT can further enhance the conductivity of the electrode, which is favourable for usage in electrochemical determination [25] .
For the MIP-decorated PGE, CV measurement was performed using PSA (3.99 μg/L) to obtain optimal parameters. As the scan rate is increased, a single cathodic peak recorded at +0.7 V first shifts upwards and then shifts to a more negative potential (Fig. 3) . This is due to the high stability of the MIP-PSA adduct, leading to the requirement of a high energy for cathodic reduction. The peak current was found to be linearly correlated to the scan rate that ranged from 0.02 to 0.40 V/s. The surface concentration of the electroactive species (τ) for the PSA was determined to be 7.9×10 −8 mol/cm 2 , as
shown by the slopes in the linear plots of peak current (I p ) vs. scan rate (v). The reduction in PSA is an adsorption-controlled process, which can be used to preconcentrate a micro-quantity of PSA onto the surface of MIP-modified PGE for quantitative analysis. The reduction reaction process was attributed to the two-electron, two-proton reduction of the di-sulfide bond present in the protein molecule to free thiol groups [26, 27] . SWSV and DPSV measurements were performed for PSA of varying concentrations using the same operating parameters for the sensor as determined for PSA in optimized conditions. A linear relationship was observed between the DPSV current increase and the PSA concentration ( Fig. 4A and  Fig. 4B ). The DPSV current response towards PSA in the lower and higher concentration ranges is shown in Fig. 4A and Fig. 4B , respectively. Notably, two linear ranges are observed with a transition point at 10.0 ng/L, as shown in the PSA concentration vs. current profile. Analysis of the DPSV data reveals that the two linear ranges of our developed sensor occur at 10 pg/L to 10 ng/L and 20 ng/L to 62 µg/L, respectively. The LOD of our developed sensor was calculated to be 3.04 pg/L based on the definition from the International Union of Pure and Applied Chemistry (IUPAC). The low detection limit can be attributed to the complementarity of the size, shape and position of recognition functional groups between PSA and the binding sites present in the MIP matrix. Fig. 5A and Fig. 5B show data obtained from SWSV measurements, which were also used for the quantitative determination of the sensor performance in the high and low PSA concentration range and the sensitivity of our sensor towards PSA. Fig. 5A shows the SWSV current response towards PSA in the lower concentration range, while Fig. 5B showed that in the higher concentration range. It can be seen that the strategy we have developed has the potential for application to the detection of human body PSA under both normal and abnormal conditions. The analytical features of our developed biosensor are compared with those found in previous studies in Table 1 . To investigate the selectivity of our PSA-sensor, the SWSV response towards PSA at MIP-and NIP-decorated PGEs was compared with that of interference agents such as citric acid (CA), tyrosine (Tyr), arginine (Arg), glutamic acid (GA), histidine (His), lysine (Lys), albumin (Alb), globulin (Glo), uric acid (UA), ferritin (fer), urea, insulin (Ins), NaCl, and a mixture of these agents (Mix). Both MIP and NIP-decorated PGEs showed a current response towards all the above substances including PSA and interference agents. However, following a washing treatment with water, the response of all the test substances, except for PSA, was determined to be negligible, confirming that some non-specific binding of the analyte molecules, which can be easily eliminated upon washing with water, was the contributing factor to the current recorded on the MIP-decorated PGE. In addition, the MIP-decorated PGE exhibited a 100% current response for the target PSA molecule in the presence of a mixture of PSA and other interfering agents. Compared with PSA, citric acid and tyrosine exhibited similar peak potential and identical current height as that determined for the unmodified PGE. We also determined the PSA level in urine and serum samples. As shown in Table 2 , the fabricated electrochemical sensor demonstrated outstanding accuracy for PSA detection. 
CONCLUSIONS
In this work, an imprinted sensor was fabricated and successfully used for excellent electrochemical determination of protein cancer biomarkers in men and women sera, with the realization of desirable accuracy, reproducibility and sensitivity. A PSA-imprinted polymeric film was formed onto a surface covered with Mn nanoparticle-modified MWCNTs, which enabled controlled radical polymerization and the implementation of a surface imprinting strategy. The proposed PSA electrochemical sensor demonstrates two linear detection ranges: 0.01-10 ng/L and 20-62 µg/L, with a low LOD of 3.04 pg/L.
